We have investigated whether the identity of the coreceptor (CCR5, CXCR4, or both) used by primary human immunodeficiency virus type 1 (HIV-1) isolates to enter CD4
Human immunodeficiency virus type 1 (HIV-1) enters CD4
ϩ T cells via an interaction with CD4 and coreceptor molecules, the most important of which yet identified are the chemokine receptors CXCR4 and CCR5 (4, 12, 23, 26, 28, 32) . CXCR4 is used by T-cell line-tropic (T-tropic) primary isolates or T-cell line-adapted (TCLA) lab strains, whereas CCR5 is used by primary isolates of the macrophage-tropic (M-tropic) phenotype (4, 12, 23, 26, 28, 32) . Most T-tropic isolates and some TCLA strains are actually dualtropic in that they can use both CXCR4 and CCR5 (and often other coreceptors such as CCR3, Bonzo/STRL33, and BOB/gpr15), at least in coreceptor-transfected cells (18, 24, 30, 54, 89) . The M-tropic and T-tropic/dualtropic nomenclature has often been used interchangeably with the terms "non-syncytium-inducing" (NSI) and "syncytium-inducing" (SI), although it is semantically imprecise to do so.
M-tropic viruses are those most commonly transmitted sexually (3, 33, 87, 106) and from mother to infant (2, 72, 81) . If T-tropic strains are transmitted, or when they emerge, this is associated with a more rapid course of disease in both adults (17, 37, 46, 51, 52, 76, 78, 82, 92, 101) and children (6, 45, 84, 90) . However, T-tropic viruses emerge in only about 40% of infected people, usually only several years after infection (76, 78) . A well-documented, albeit anecdotal, study found that when a T-tropic strain was transmitted by direct transfer of blood, its replication was rapidly suppressed: the T-tropic virus was eliminated from the body, and M-tropic strains predominated (20) . These results suggest that there is a counterselection pressure against the emergence of T-tropic strains during the early stages of HIV-1 infection in most people. But what is this pressure?
Since the M-tropic and T-tropic phenotypes are properties mediated by the envelope glycoproteins whose function is to associate with CD4 and the coreceptors, a selection pressure differentially exerted on M-and T-tropic viruses could, in principle, act at the level of virus entry. In other words, neutralizing antibodies to the envelope glycoproteins, or the chemokine ligands of the coreceptors, could theoretically interfere more potently with the interactions of T-tropic strains with CXCR4 than with M-tropic viruses and CCR5. A differential effect of this nature could suppress the emergence of T-tropic viruses. Consistent with this possibility, neutralizing antibodies are capable of preventing the CD4-dependent association of gp120 with CCR5 (42, 94, 103) , and chemokines can also prevent the coreceptor interactions of HIV-1 (8, 13, 23, 28, 70) .
Here, we explore whether the efficiency of HIV-1 neutralization is affected by coreceptor usage. Although earlier studies have not found T-tropic strains to be inherently more neutralization sensitive than M-tropic ones (20, 40, 44) , previously available reagents and techniques may not have been adequate to fully address this question. One major problem is that even single residue changes can drastically affect both antibody binding to neutralization epitopes and the HIV-1 phenotype (25, 55, 62, 67, 83, 91) , and so studies using relatively unrelated viruses and a fixed antibody (polyclonal or monoclonal) preparation have two variables to contend with: the viral phenotype (coreceptor use) and the antigenic structure of the virus and hence the efficiency of the antibody-virion interaction.
We have used a new experimental strategy to explore whether coreceptor usage affects neutralization sensitivity in the absence of other confounding variables: the use of dual-tropic viruses able to enter CD4 ϩ cells via either CCR5 or CXCR4. By using a constant HIV-1 isolate or clone and the same monoclonal antibodies (MAbs) or CD4-based reagents as neutralizing agents, we can ensure that the only variable under study in the neutralization reaction is the nature of the coreceptor used for entry. Our major conclusion is that there is no strong association between coreceptor usage and neutralization sensitivity for primary HIV-1 isolates. Independent studies have reached the same conclusion (53a, 59). The emergence of T-tropic (SI) viruses in vivo may be unlikely to be due to escape from antibody-mediated selection pressure.
MATERIALS AND METHODS
Viruses and antibodies. All virus isolates and clones were from genetic subtype B. The origins and characteristics of each virus are listed in Table 1 . All virus stocks, including TCLA isolates, were grown and titrated in mitogen-stimulated peripheral blood mononuclear cells (PBMC) as described previously (96) . The 50% tissue culture infective dose (TCID 50 ) refers to the virus titer on PBMC. The phenotypes (NSI or SI) of the test viruses have been described previously (Table 1) or were determined according to the ability to form syncytia in MT-2 cells (36, 82). Isolate P17/H9 was generated by passaging P17 once in H9 cells. Supernatant from this passage was then used to produce virus stocks from PBMC.
Human MAbs 2F5, 2G12, 15e, 19b, 447-52D, and IgG1b12, and the CD4-based molecules soluble CD4 (sCD4) and CD4-immunoglobulin G2 (IgG2), have been described previously (5, 29, 39, 43, 66, 69, 95, 96) . MAb 447-52D was purchased from Cellular Products Inc. (Buffalo, N.Y.). The ability of each MAb (other than 2F5) to bind to gp120 from each virus was checked by enzyme-linked immunosorbent assay, using nonionic detergent-treated supernatants from virusinfected cultures as the source of gp120 (61, 63) . Nonreactive MAb-virus combinations were excluded from the neutralization analyses in Fig. 1 (69, 96) .
Cell lines. Human neuronal U87MG-CD4 cells stably transfected with CCR5 or CXCR4 (U87MG-CD4-CCR5 and U87MG-CD4-CXCR4 cells) were maintained in Dulbecco's minimal essential medium (DMEM) containing 10% fetal calf serum (FCS), glutamine, antibiotics, puromycin (1 g/ml; Sigma Chemical), and neomycin (G418; 300 g/ml; Sigma) and were split twice a week (24, 42) .
Human osteosarcoma HOS-CD4 cells stably transfected with CCR5 or CXCR4 and the green fluorescent protein (GFP) reporter gene under the control of the HIV-2 long terminal repeat (designated GHOST-CCR5 and GHOST-CXCR4 cells) were maintained in DMEM containing 10% FCS, glutamine, antibiotics, G418 (500 g/ml), hygromycin (100 g/ml), and puromycin (1 g/ml) and were split twice a week (48).
Determination of coreceptor use by HIV-1. U87MG-CD4-CCR5 and U87MG-CD4-CXCR4 cells (5 ϫ 10 4 per well) were seeded into a 24-well plate for 1 day and then incubated with HIV-1 for 16 h before removal of unbound virus by two washes in culture medium. Extracellular p24 antigen was measured 3 and 6 days after infection (96) .
Neutralization assay using human PBMC. PBMC were isolated from healthy blood donors by Ficoll-Hypaque centrifugation and then stimulated for 2 to 3 days with phytohemagglutinin (5 g/ml) and interleukin-2 (100 U/ml) (a gift of Hoffmann-La Roche, Nutley, N.J.). Neutralization was assessed as described previously (96) . The virus inoculum was adjusted to 400 to 1,000 TCID 50 /ml in assay medium (RPMI 1640, 10% FCS, 100 U of interleukin-2 per ml, glutamine, and antibiotics), and 50-l aliquots were incubated with serial dilutions of the MAbs or CD4-based molecules (50 l) for 1 h at 37°C. The calculated 50% inhibitory doses (ID 50 s) refer to the concentrations of these agents in this preincubation mixture. PBMC (4 ϫ 10 5 in 100 l of medium) were then added. The final concentration of virus in the cultures was 20 to 50 TCID 50 /well, corresponding to 100 to 250 TCID 50 /ml. The supernatant medium (50 l) was assayed for p24 antigen at least once between days 4 and 12 postinfection, depending on the growth kinetics of the isolate (96) . As the virus inoculum was not washed out at any stage of the experiment, the residual input p24 concentration was also measured and subtracted from all test results. If virus production in the cultures had not reached its peak on day 6, the cultures were fed with 100 l of medium without adding fresh MAbs and then reanalyzed for p24 production on subsequent days. The production of p24 antigen in the absence of MAb was designated 100%, and the ratios of p24 production in MAb-containing cultures were calculated relative to this value. The MAb concentrations causing 50 and 90% reduction in p24 production were determined by linear regression analysis. If the appropriate degree of inhibition was not achieved at the highest MAb concentration, a value of Ͼ50 g/ml was recorded.
Neutralization assay on U87MG-CD4-CCR5 and U87MG-CD4-CXCR4 cells. Cells (5 ϫ 10 4 ) were seeded into wells of a 24-well plate 1 day prior to the experiment. The virus inoculum was adjusted to 1,000 to 4,000 TCID 50 /ml in assay medium (DMEM, 10% FCS, glutamine, and antibiotics), and 50-l aliquots were incubated with serial dilutions of MAbs or CD4-based molecules (50 l) for 1 h at 37°C. The calculated inhibitory doses refer to the concentration of these agents in this preincubation mixture. After 1 h, 100 l of the mixture was added to the cells for 16 h, giving a final virus concentration of 50 to 200 TCID 50 per well. Unbound virus was removed by two washes in culture medium. On days 4 to 9 postinfection, the cultures were examined microscopically for syncytium formation and the supernatant was analyzed for the presence of p24 antigen. If virus production in the cultures had not reached its peak on day 5, the cultures were fed with fresh medium and then reanalyzed for p24 on subsequent days. The extent of neutralization was determined as for the PBMC-based assay.
Neutralization assay on GHOST-CCR5 or GHOST-CXCR4 cells. The procedure was similar to that used with the U87MG-CD4 cells except that on days 4 to 9 postinfection, the cultures were examined microscopically for the presence of fluorescent cells. When sufficient fluorescent cells (Ͼ20 per well) were visible, the cultures were harvested. The cells were washed once with phosphate-buffered saline (PBS), incubated with 100 l of PBS containing 2 mM EDTA for 5 min, and detached from the plates by vigorous pipetting. PBS (100 l) and 10% formaldehyde (50 l) were added for 2 h at 4°C to inactivate HIV-1. The cells (10,000 per sample) were then analyzed by using a FACScalibur machine (Becton Dickinson). The number of GFP-positive cells counted in the absence of MAb was designated 100%, and the ratios of GFP-positive cells in MAb-containing cultures were calculated relative to this value. The extent of neutralization was otherwise determined as for the PBMC-based assay.
RESULTS
Neutralization sensitivity of HIV-1 primary isolates in PBMC is independent of CCR5 or CXCR4 usage. We first measured the sensitivity of a panel of primary and TCLA isolates to neutralization by MAbs and CD4-based reagents in a standard PBMC-blast assay of virus replication ( Fig. 1 ; Table  2 ). The neutralizing reagents used were human MAbs 2F5 (69, 96) , 2G12 (95, 96) , 15e (43), 19b (66) , and 447-52D (29, 39), sCD4, and the tetrameric CD4-IgG2 molecule (5). These were selected on the grounds that their binding sites were strongly conserved within the B subtype (63, 96) and, whenever possible, that they had proven efficacy at neutralizing primary isolates (29, 96). We tested by enzyme-linked immunosorbent assay whether these agents (other than 2F5) were able to recognize monomeric gp120 from each virus (61, 63) ; the failure of a MAb to bind monomeric gp120 indicates the outright absence of its epitope from the virus, and so no neutralization would be expected for this trivial reason (61) . Nonreactive MAb-virus combinations (listed in Materials and Methods) were excluded from the neutralization analyses.
The viruses tested included biological and molecular clones of adult and pediatric origin ( Table 1 ). The abilities of the different viruses to use CCR5 or CXCR4 for entry were assessed by determining the extent of their replication in U87MG-CD4 cells stably expressing these coreceptors (24, 42) ( Table 1 ). This information was used to divide the virus panel into the following subgroups: CCR5 primary, CCR5 ϩ CXCR4 primary, CXCR4 primary, CCR5 ϩ CXCR4 TCLA, and CXCR4 TCLA (Tables 1 and 2 ; Fig. 1 ). The neutralization titer (ID 50 ) was plotted for each virus against each MAb or CD4-based molecule according to these subgroups (Fig. 1) .
As expected, the primary HIV-1 isolates had a wide range of sensitivity to neutralization by the different test reagents, with ID 50 s ranging from Ͻ0.002 to Ͼ50 g/ml for 2G12. Consistent Table 1 except for 2076 cl1, HC4, and P17/H9. These viruses are closely related to isolates 2076 cl3, HC7, and C17, respectively, and their neutralization properties were also comparable. Data for only one of each pair are therefore presented. Isolate C7/86 was not tested in PBMC.
with previous results, 2F5, 2G12, and CD4-IgG2 neutralized most of the primary isolates, whereas sCD4, 15e (to a CD4-binding-site-related epitope), and 19b (to a V3 loop epitope) did not (5, 29, 66, 96) . However, among the primary isolates, there was no consistent segregation of neutralization sensitivity or insensitivity with coreceptor usage (Fig. 1) . Some CCR5-using viruses were sensitive to neutralization and some were insensitive, and a similar pattern of variation was found among CXCR4-using viruses. Grouped together, the CXCR4-using primary isolates were slightly more sensitive to 2G12, but less sensitive to 2F5 and CD4-IgG2, than the CCR5-using isolates, but the differences were small and the overlap was considerable ( Fig. 1) . Similar results were observed when 90% neutralization titers (ID 90 s) were compared, although 90% neutralization was very rarely achieved with sCD4, 15e, and 19b (data not shown). The TCLA viruses were, as a group, only a little more sensitive than the primary isolates to the reagents used in this study, but again there was no segregation between neutralization sensitivity and coreceptor usage ( Fig. 1; Table 2 ). MAbs such as 15e and 19b, known to have activity against TCLA (T-tropic) viruses (43, 66), were not able to neutralize primary T-tropic viruses any better than primary M-tropic viruses; a primary T-tropic virus is not the same as a TCLA virus (62) .
Neutralization of dualtropic HIV-1 isolates in U87MG-CD4 cells is independent of CCR5 or CXCR4 usage. To confirm these observations in a different experimental system, we studied whether dualtropic primary viruses were differentially sensitive to neutralization by the same MAb or CD4-based reagent when they used CCR5 or CXCR4 for entry ( Fig. 2 ; Table  3 ). By using the same virus and neutralizing agent, we reduce the number of variables in the experiment to one: the identity of the coreceptor. For this experiment, we used U87MG-CD4-CCR5 and U87-CD4-CXCR4 cells (24, 42) .
The results of this experiment were broadly similar to what was observed with the PBMC-based neutralization assay. Neutralization titers (ID 50 or ID 90 ) varied over a considerable range, and between different viruses and neutralizing agents, but there was no consistent indication that neutralization sensitivity was a function of coreceptor usage (Fig. 2 and data not shown). The same conclusion was reached whether a MAb effective (IgG1b12) or ineffective (15e) against primary isolates was used, despite both recognizing overlapping epitopes near the CD4-binding site on gp120. Similar results were observed irrespective of whether the test virus was an isolate, a biological clone, or a molecular clone (Table 1 ; Fig. 2) .
Neutralization of dualtropic HIV-1 isolates in GFP-expressing HOS cells is independent of CCR5 or CXCR4 usage. HOS-CD4 cells that stably expressed transfected CCR5 or CXCR4 and the GFP reporter under the control of the HIV-2 long terminal repeat were created (48). These cells, designated GHOST-CXCR4 and GHOST-CCR5, fluoresce when infected with HIV-1 because the GFP reporter gene is transactivated, allowing quantitation of HIV-1 entry by fluorescence-activated cell sorting. Broadly similar cell lines have been described by others recently (27, 37, 98) ; the principle is the same as in the well-known MAGI assay, which has a ␤-galactosidase endpoint (49). We used the GHOST-CXCR4 and GHOST-CCR5 cells to compare how the entry of HIV-1 primary and TCLA isolates was neutralized by sCD4 and CD4-IgG2. The procedure is not a single-cycle assay of HIV-1 neutralization since, in principle, subsequent rounds of HIV-1 infection could occur and be a Derived from one representative experiment out of two to five performed. When no neutralization at 50 g/ml was observed, a value Ͼ50 g/ml is reported. ND, not done; NB, no binding (i.e., neutralization activity could not be evaluated because the MAb epitope is absent from the viral glycoprotein).
detected. The endpoint is measured after 4 to 9 days (depending on the isolate), when sufficient GFP has accumulated in the infected cells to be quantitated.
The clonal TCLA virus NL4-3 was sensitive to neutralization by both sCD4 and its more potent derivative, CD4-IgG2, in the GHOST-CXCR4 cells (Fig. 3a) . In contrast, the primary Mtropic clone JR-FL was insensitive to neutralization by sCD4 on the GHOST-CCR5 cells, although it was neutralized effectively by CD4-IgG2 (Fig. 3b) . These results are consistent with previous reports on the relative neutralization sensitivities of primary and TCLA viruses to CD4-based reagents (5, 21, 53, 60, 61, 64, 100) and establish the validity of using the GHOST cells in neutralization assays. As expected from prior knowledge of their coreceptor usage, NL4-3 did not replicate in the GHOST-CCR5 cells, nor did JR-FL in the GHOST-CXCR4 cells (data not shown). However, two dualtropic viruses entered both GHOST-CCR5 and GHOST-CXCR4 cells. We therefore compared the sensitivities of the dualtropic viruses to sCD4 and CD4-IgG2 on the two lines. As observed with the U87MG-CD4 cells, the potency with which sCD4 and CD4-IgG2 neutralized P17 (60, 97) and DH123 (85) on the GHOST cells was independent of which coreceptor (CCR5 or CXCR4) was expressed on these cells (Fig. 3c and d) . This finding confirms that the identity of the coreceptor used by a primary HIV-1 isolate to enter a CD4 ϩ cell is not a major influence on the efficiency with which it is neutralized.
DISCUSSION
We were unable to obtain any evidence that M-and T-tropic primary HIV-1 isolates are differentially sensitive to neutralization by MAbs or CD4-based reagents, or that coreceptor usage (CCR5 versus CXCR4) was a significant variable affecting neutralization sensitivity. Similar results have been obtained in independent studies (53a, 59). There is, however, one important caveat to our conclusion: we could obtain only limited information on whether the V3 loop is of differential importance to the neutralization of M-and T-tropic primary viruses (as opposed to primary and TCLA strains). The reason for this is that V3 loop MAbs which are able to neutralize more than just a few primary viruses do not exist. Many V3 MAbs neutralize TCLA strains very potently (9, 61, 62, 65, 66) , but only a few of these have been reported to neutralize primary isolates (39), and their breadth and potency against these viruses are very limited (29, 61). We could find no V3 MAb that was able to neutralize efficiently more than a few of the dualtropic primary viruses that we tested.
Another factor affecting analysis of V3 loop-mediated neutralization is sequence variation. The most common sequence change that occurs during the phenotypic switch from an Mtropic (NSI) to a T-tropic (SI) strain (i.e., an alteration in coreceptor usage) is an increase in the positive charge of the V3 loop (22, 62) . More specifically, residues 306 and 315 tend to be negatively charged or neutral in NSI strains but positively charged in SI viruses (11, 22, 35, 51, 56) . Models of ligand interactions with seven-transmembrane receptors suggest that an important (but not the only) component of the binding reaction is a charge-based one involving anionic residues on the N-terminal domain of the receptor and cationic ones on the ligand (41, 57, 68, 88, 99) . Thus, it is feasible that the charge change in the V3 loop associated with the phenotypic switch helps create a binding site for CXCR4 on T-tropic viruses and that the V3 loop plays a greater role in the interactions of HIV-1 with CXCR4 than with CCR5 (12, 14) . If this is the case, antibodies to the V3 loop could interfering more effectively with the CXCR4 interactions of HIV-1 than with CCR5 interactions and so be better able to neutralize T-tropic primary viruses. Unfortunately, amino acid substitutions affecting the ability of HIV-1 to interact with different coreceptors are also likely to alter the affinity of an antibody for the same region of the protein, especially in the context of native, oligomeric envelope glycoproteins. Antigenic variation in the V3 loop affecting MAb-gp120 interactions and sequence variation affecting coreceptor-gp120 interactions are interlocking parameters that complicate analyses. However, the limited data that we were able to obtain indicated that neutralization via the V3 loop is independent of coreceptor usage, as it is for other epitopes (Tables 2 and 3) . A similar conclusion has been reached by others (53a) .
Only a very modest difference in replication competence can have a profound impact on the emergence of viral variants in vivo (15) . Hence, we cannot exclude the possibility that small differences in the neutralizability of M-and T-tropic viruses that are undetectable in vitro can have more significant effects in vivo. But these notes of caution notwithstanding, our main conclusion is that differences in neutralizing antibody-mediated selection pressures are unlikely to account for the emergence of T-tropic (SI) viruses in vivo. What then could, bearing in mind that the pressure must be exerted on the envelope glycoproteins? One attractive theory is that the CXCR4 ligand stroma-derived factor 1 is produced at relatively high concentrations by cells in the stroma of lymphoid tissues and so is able to specifically prevent HIV-1 interactions with CXCR4 (31). It will be important to verify this experimentally. Another possibility involves alterations in the range of CD4ϩ T cells able to support HIV-1 replication, because of differential expression of CXCR4 and CCR5 on T-cell subsets (104) .
Clearly, TCLA strains of HIV-1 are neutralization sensitive compared to T-tropic primary isolates that have the ability to enter a T-cell line. A virus that has become adapted to growth on a T-cell line is not, therefore, the same after passage as it was before it entered the cell line in the first place (9, 62) . The acquisition of full neutralization sensitivity usually takes several passages in cell lines (58, 80, 102) . Thus, genetic changes in the envelope glycoproteins, rather than epigenetic factors such as glycosylation or differences in virion-associated adhesion factors, are likely to dominate the transition between the neutralization-resistant (T-tropic primary) and the neutralization-sensitive (TCLA) state. Adhesion factor-dependent variables may, however, also contribute to the phenomenon (38, 77). What are these genetic changes, what do they do, and why do they do it? The answers to all these questions are not entirely clear, but some evidence is emerging.
As discussed above, changes in the V3 loop are important for the creation of the T-tropic phenotype in primary isolates. And they are also likely to be important for the transition between an M-tropic virus and a TCLA one. However, the passage of a T-tropic primary virus through a cell line to create a TCLA isolate is not always associated with V3 loop sequence changes (53, 60, (73) (74) (75) . This is, perhaps, understandable now it is known that both T-tropic primary isolates and TCLA viruses tend to be able to use both CCR5 and CXCR4 (18, 89) ; there is more to HIV-1 adaptation to growth on cell lines than a change in coreceptor use (53, 75) . During this adaptation, the neutralization-sensitive phenotype is created by changes in the HIV-1 envelope glycoproteins. As this also occurs with other lentiviruses (7, 10, 19, 105) , a general mechanism may be involved. We have suggested previously that the neutralizationsensitive phenotype might be created in vitro because antibody selection pressure is absent in cell culture (61, 62) . If the price that HIV-1 and other lentiviruses pay to be able to resist the binding of neutralizing antibodies in vivo is a modest reduction in the rate at which they bind to and penetrate CD4 ϩ T cells, then the relaxation of antibody selection pressure in vitro might permit the evolution of variants able to replicate more rapidly in cell lines. There are no reports that neutralizationsensitive viruses evolve when primary isolates are passaged continuously in primary T-cells in vitro, although this has not been studied systematically. It can, however, happen occasionally with simian immunodeficiency virus during passage in primary rhesus PBMC (58) .
A major contribution to understanding the overall phenomenon of cell line adaptation is provided by the work of Kabat and colleagues, who showed that the relevant selection pressure on primary T-tropic viruses is for variants which have a higher affinity for CD4 (53, 75) . This gives them the ability to infect cell lines expressing relatively low CD4 concentrations compared to the amount on primary CD4 ϩ T cells (53, 75) . This would also explain why TCLA viruses are so sensitive to neutralization by sCD4 (21, 40, 64, 100), which we have argued is merely coincidental to their sensitivity to neutralizing antibodies against related epitopes (61, 62) . No such selection pressure occurs when primary viruses are passaged in primary CD4 ϩ T cells, perhaps explaining why the primary isolate phenotype is usually maintained under these conditions.
A meld of these arguments is that in some as yet undefined way, the tertiary and quaternary structure of the envelope glycoproteins alters during passage on cell lines to better expose receptor-binding sites (CD4 and/or coreceptor sites), increase the efficiency of virus-cell attachment and entry, and (coincidentally) make the virus more sensitive to the actions of neutralizing antibodies. It remains to be determined whether neutralization sensitivity occurs solely because antibodies can attach more rapidly to key sites on the envelope glycoproteins of TCLA viruses, or whether the destabilization of their gp120-gp41 linkage also contributes (21, 47, 50, 64, 79, 100) .
As we learn more of how the HIV-1 envelope glycoproteins function, and of the mechanisms by which they resist neutralizing antibodies, it becomes apparent how difficult it will be to induce antibodies by vaccination that will be able to counter this virus. Viral evolution has created a pathogen that is necessarily insensitive to humoral immunity. Yet HIV-1 does have its weak links, for it can be potently neutralized by a limited subset of human antibodies (29, 96 ). An emphasis of vaccine design must, therefore, be to find ways to create immunogens able to induce antibodies of these specificities efficiently. 
